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Finite element techniques are used to model laser generation of 
ultrasound and its propagation through a weld pool. The laser generation 
is modeled by assuming the reactive force to the laser ablation of the 
liquid is a stress perpendicular to the surface of the pool. The 
boundary of the pool is assumed to be spherical. The propagation of the 
sound waves from the laser source through the boundary into the solid 
metal is calculated assuming homogeneous properties in both the liquid 
and solid metal and temperature gradient effects are neglected. The 
results are compared to a series of experiments on real and simulated 
weld pools [1]. 
MOTIVATION 
This work is one portion of a large program on automated welding 
whose goal is the development of a truly automated welder which would 
control properties of the weld. such as fracture toughness and 
heat-affected zone size. Current "automatic" welders control welding 
parameters. such as current. voltage. wire speed. and travel speed. which 
are not simply or easily related to the desired properties of the final 
weld. The three parts of a truly automated welder are: 
A model of the welding process which relates the welding parameters 
to the physical properties of the weld. 
A sensing system which measures the dynamic properties of the weld. 
A controller which takes the measured properties and. using the 
model. provides dynamic changes to the welding parameters to 
maintain the desired physical properties in a stable manner. 
One of the requirements of a complete process model is knowledge of 
the geometry of the weld pool. Thus a sensor for determining that 
geometry is required. and ultrasound is a major candidate for that 
sensor. A summary of the development of ultrasonic techniques for 
sensing weld pool geometry is given in Reference 1. 
The current work in ultrasonics is aimed at developing noncontacting 
sensors for the weld pool work. Laser generation of sound has been 
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applied in several cases where non contacting techniques are desired 
[2,3]. However, interpretation of the received sound signals in the case 
of sound generated in a weld pool is difficult due to the geometry of the 
interface and possibly other effects such as distortion of the sound 
field due to temperature gradients. Ray tracing methods have been 
applied, but require a priori knowledge of what each ray may do at an 
interface, including mode conversion and interface wave generation. 
Moreover, the Fresnel coefficients for reflection, transmission, and mode 
conversion at a planar interface for plane waves do not apply to 
complicated wave fronts impinging upon curved interfaces. Finite element 
methods, however, automatically find all the possible wave modes that are 
created at boundaries. In addition, finite element methods have the 
capability of modeling stress wave propagation in complex geometries 
where analytic techniques are difficult or impossible to apply. The 
disadvantage is that a large amount of numerical data must be analyzed to 
obtain the information in terms of the analytic theories we use as a 
paradigm for understanding wave propagation. 
FINITE ELEMENT MODELING 
The code DYNA2D [4] is used to model the sound generation and 
transmission. This program has been used successfully to model other 
problems in stress wave propagation [5,6]. Figure I shows the weld 
configuration that is modeled. The laser source is distributed over a 
1.1-mm diameter circle at the center of a 3-mm deep pool. The pool is 
flat on the top surface and the interface between the molten and solid 
phases is a spherical shape of 6.35-mm radius. This simple geometry is 
chosen for the first calculations in order to compare the results to 
experiments in which the welds do have that shape and to experiments in 
which sound is generated in a simulated weld consisting of blackened 
glycerine in a spherical dimple in a steel part [1]. 
The grid for this axially symmetric problem extends 12.7 mm from the 
axis of symmetry in the radial direction and 12.7 mm in the axial 
direction. The elements are approximately 0.1 mm (about 1/10 wavelength) 
on a side. The boundary between the liquid and solid is a circle of 
radius 6.35 mm corresponding to the spherical interface described above. 
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Fig. 1. Geometry of the weld pool modeled by finite elements. 
The material properties for the liquid are chosen to be those of 
liquid steel or glycerine. For the solid the material properties are 
those of carbon steel. No attempt is made to account for temperature 
gradients in and around the weld pool or for variations in the shape of 
the surface of the pool observed during welding. 
The laser power is about 8 mJ, enough to cause the surface to 
ablate. The reaction force to this ablation is assumed to be the main 
cause of stress waves in the liquid and is modeled by a normal stress on 
an area of the top surface equal to that of the laser spot. 
Thermoelastic stresses are probably about 1/10 of the ablation stress and 
are neglected. The source time function is modeled by a Gaussian 
function with a 20 dB bandwidth of 3 MHz. This approximation to the true 
50 MHz bandwidth of the laser excitation is required to reduce the number 
of elements in the grid to a reasonable number. In addition, the 
bandwidth of the receiving transducers in the experiments was 5 MHz so 
that, in comparison with experimental data, the lack of high frequency 
components of the waves is not important. 
EXPERIMENTAL DATA 
The primary reason to do the finite element calculation is to help 
understand the experimental data. In Figure 5 of Reference 1, the 
received signals from a real weld and from the glycerine pool experiment 
(marked "simulated" on the figure) are shown. By comparing the times of 
the arriving signals with a Green's function calculation for solid steel 
and with a ray-tracing program that includes the liquid/solid interface, 
nearly all the signals have been identified. However, the signal at 
18.3 ~s in the simulated experiment and a similar signal at 17.9 ~s 
in the actual weld (as discussed in Reference 1) cannot be explained. 
The assumption is that the finite element program would provide 
information which would explain that rather large signal. 
FINITE ELEMENT RESULTS 
We want to examine the finite element results to determine the 
source of the unexplained signal. The calculations for glycerine are 
shown in the following figures. Similar results are obtained for liquid 
steel. In Figure 2 displacement magnitude contours are shown at 2.B ~s 
after the initiation of sound on. the pool surface. The lognitudinal wave 
is clearly seen centered about 6.2 mm on the vertical axis and the mode-
converted shear wave is the structure near the center of the figure. 
Figure 3 is the same as Figure 2 except that more contour levels 
going down to lower values of displacement magnitude are shown. Here two 
other structures which are believed to be numerical noise are behind the 
longitudinal and shear waves. The first, centered at about r=l.O and 
z=8.7S mm, moves with the shear wave speed and can still be seen in 
Figure 4 at 3.5 ~s, centered at about r=2.25 and z=7.25 mm. The other 
structure, on the axis at the interface in Figure 3, propagates down the 
axis, also at the shear wave speed. Other low level contours can be seen 
on the axis behind these. Close examination of the contours in the pool 
at earlier times shows a series of small amplitude waves developing 
behing the main longitudinal pulse along the axis. No mechanism for the 
creation of these waves is known and they are assumed to be numerical 
noise. However, a rather large convection due to the initial stress is 
also apparent in the pool and this may affect the sound propagation at 
times after the initial longitudinal pulse has left a region of the pool. 
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Fig. 2. Contours of maximum displacement 2.8 ~s after the pulse 
initiation at the surface of the pool. 
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Fig . 3. Same as Figure 2 but with lower contour levels. 
c g 
'iii 
o 
a. 
(ij 
x 
<{ 
3 4 5 6 7 
Radial position (mm) 
Fig. 4. Contours of maximum displacement at 3.5 ps. 
In Figure 4 we also see something developing at the top corner of 
the pool. In Figure 5 the view is shifted to cover more of the grid 
around this position. The contour levels are also modified slightly to 
reduce the clutter of the numerical noise. The longitUdinal wave is 
clearly seen, including a small amplitude creeping wave component on the 
top surface around r=8.75 mm. The shear wave is behind, arcing from 
about 6.5 mm on the vertical axis to the top corner of the liquid/solid 
interface. 
The contours at 4.0 ps in Figure 6 show either a Rayleigh surface 
wave or a shear creeping wave at r=7.0 mm which has developed in the 
corner of the liquid/solid interface, following the arrival of the 
'initial longitudinal wave in the liquid. The other new feature is due to 
the longitudinal and shear waves from a reflection off the top surface 
(Contour ~ at about r=9.7 mm and z=11.7 mm). Both these waves have been 
calculated by the ray-tracing program to arrive at about the same time as 
the unknown signal but several problems remain. The receiving transducer 
is not very sensitive to the Rayleigh wave. It does respond to such 
waves but with a reduced bandwidth. The observed signal is at the 
bandwidth of the transducer, indicating that it is due to a longitudinal 
wave at about 45° or a shear wave at about 23°. An experiment was 
conducted with the receiving transducer replaced by one sensitive to 
Rayleigh waves (and creeping shear waves) and no large amplitude signals 
were observed. Thus the Rayleigh wave is not a possibility. 
The reflected longitudinal and shear waves are definite 
possibilities. However, the calculation indicates the amplitude is small 
and the observed amplitude is large. Unfortunately the calculation was 
halted at 4.0 ps because of reflections from the edge of the grid. 
Thus this wave was not tracked further. 
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Contours of maximum displacement at 3.5 ~s showing the top 
and right boundaries of the calculational grid. 
Unfortunately the finite element method has not identified the 
unknown signal. The best possibility noted above is the initial 
longitudinal wave refracting at the interface and reflecting off the top 
surface, then traveling to the transducer after reflection off the bottom 
surface. The calculation ended before this wave was definitely 
identified . The small amplitude could be due to incorrect modeling of 
the source. The thermoelastic component would add significant amplitude 
to the initial longitudinal wave at an angle that would increase the 
amplitude of this reflected wave. However, the grid must be extended in 
the radial direction to remove the effects of reflections from the edge 
of the grid. Such a calculation is planned. 
Another possibility is that the waves attributed to noise are 
physical and result from some complex, not understood, interaction of the 
stress wave with the convection in the pool. Another possibility is some 
unknown shock or nonlinear phenomena that takes place in the presence of 
the liquid but not with the solid. These are being investigated. 
The experimental program is also continuing with different 
transducers, transducer placements, and pool depths which should provide 
more information about the problem. 
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Fig. 6. Contours of maximum displacement at 4.0 ~s. 
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